The Cell Biology of Aging  by Hayflick, Leonard
0022-202X/79/ 7301-0008$02.00/ 0 
T HE JOURNAL OF l NVESTIGATIVE DERMATOLOGY, 73:8- 14, 1979 
Copyri ght © 1979 by The Williams & Wilkins Co. 
Vol. 73, NO.1 
Printed ill U.S.A . 
The Cell Biology of Aging 
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Cultured normal human and animal cells are predes-
tined to undergo irreversible functional decrements that 
mimick age changes in the whole organism. When nor-
mal human embryonic fibroblasts are cultured in vitro, 
50 ± 10 population doublings OCcur. This maximum po-
tential is diminished in cells derived from older donors 
and appears to be inversely proportional to their age. 
The 50 population doubling limit can account for all cells 
produced during a lifetime. The limitation on doubling 
potential of cultured normal cells is also expressed in 
vivo when serial transplants are made. There may be a 
direct correlation between the mean maximum life spans 
of several species and the population doubling potential 
of their cultured cells. A plethora of functional decre-
ments occur in cultured normal cells as they approach 
their maximum division capability. Many of these d ec-
rements are similar to those occurring in intact animals 
as they age. We have concluded that these functional 
decrements expressed in vitro, rather than cessation of 
cell division, a re the essential contributors to age 
changes in intact animals. Thus, the s tudy of events 
leading to functional losses in cultured normal cells may 
provide useful insights into the biology of aging. 
Is t he inevitability of aging and death of individua l ceUs in an 
organism predetermined? It is generally believed that whatever 
causes physiological decrements with time in a whole organism 
undoubtedly does not produce similar changes, a nd at the sam e 
rate, in each cell composing that organ ism . If t h e rates of aging 
vary a mong organs, tissues, and their cells, one might argue 
t hat the root causes of aging occur as a conseque nce of decre-
ments in some few cell types in which th e rate is fastest a nd the 
effects are greatest. Are normal somatic cells predestined to 
undergo irreversible functional decrements that presage aging 
in the whole organism? 
There are at least. 2 ways in which this question has been put 
to the test. First, e ukaryotic cells have been grown a nd studied 
in cell culture. Second, vertebrate cells conta ining specific 
markers that a llow th em to be distinguished from host cells 
have been serially t ransplanted in isogenic a nimals. The goals 
of such studies, as th ey pertain to the science of gerontology, 
have been directed toward answering this funda mental ques-
t ion: Can vertebrate cells, functioning a nd replicating under 
idea l conditions, escape from the inev itability of aging and 
death that is universally ch aracteristic of the whole animals 
from which they were derived? 
BACKGROUND 
Among the studies undertaken in ceU culture, one investiga-
tion has stood out as the classic response to this intriguin~ 
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question. In t he early part of this century, Alexis Can'el, a noted 
cell culturist, described experiments purportedly showing that 
fibroblast cells derived from chick h eart tissue could be cul t ured 
se riatim indefinitely. The cul ture was voluntarily terminated 
after 34 yr. The importance of this experimen t to geronto logists 
was the implication that if cells, released from in vivo co nt rols, 
could divide a nd function norma lly for periods in excess of the 
life span of a species, e ither t he type of cells cultured play no 
part in t he aging phenomenon, or aging is t h e result of changes 
occurring at the supracellular level (that is, aging is the r esult 
of decrements t hat occur on ly in organized tissue or whole 
organs as a result of the physiological interactions be tween 
those organized cell hierarchies). The inference is that aging is 
not, per se, the r esult of events occuring at the cellular level. In 
the years that foUowed Carrel's observations, support for his 
experimen tal results seemed to be forthcoming from the ma ny 
la boratories in which it was observed that cultured cell popu-
lations, derived from m a ny t issues of a variety of a nima l species 
a nd from ma n, had the striking ability to replicate for an 
apparently indefinite time. Such cell populations, which arise 
spontaneously from cultures, number in the hundreds and are 
best known by the prototype ceU lines H eLa (derived from a 
human cervical car cinoma in 1952) a nd L ceUs (derived fI'om 
mouse mesenchyme in 1943). They continue to flourish even to 
this day in ceU culture la boratories throughout the world . 
N evertheless, what seemed to be incontrovertible evidence fm' 
the potential immortali ty of ver tebrate cells soon feU to new 
ins igh ts and a preponderance of opposing evidence. 
AGING UNDER GLASS 
Of centr al importa nce to the question is whether cell popu , 
lations studied in vitro are composed of normal or abnorma~ 
cells . Clearly, the aging of animals occurs in normal ceU popu, 
lations, a nd if one is to equate the behavior of normal cells in, 
vivo to similar cells in vitro, one must show the latter to bEl 
normal. It is for this reason that the " immortal" cell line!:\ 
mentioned above, of which t he HeLa cell a nd L cell population~ 
are prototypes, must be excluded from consideration since the)l 
ar e composed of cells that are a bnormal in o ne or more impol', 
tant properties. For example, the cells composing immortal' ceU, 
lines vary in their chromosomal constitu t ion in such a way that 
th ey do not reveal either t he exact number or the precise 
morphology of dU'omosomes characteristic of the cells compos-
ing the tissue from which t hey were originally derived . Human 
hematopoietic ceU lines, often shown to be very nearly normal 
kru'yologicaUy, harbor a cancer virus (the Epstein-BruT virus) 
not found in normal cells. Other so-call ed immortal diploid cell 
lines were examined karyologically eal'ly in their passage his-
tory, when they would be expected to be diploid. When exam, 
ined after a bout 1 yr of continuous cult ivation all were found to 
be karologically abnormal. 
Many of these cell lines also gave rise to tumo rs when 
la boratory animals were inoculated with them, a nd som e r eo 
vealed biochemical properties uncharacteristic of the cells com, 
posing the t issue of origin. The widespresd use of these cell 
lines for a variety of research pUJ'poses in laboratories through, 
out th e world is subject to the cr iticism that, in most cases, they 
are not characteristic of any celI type found in human or a nimal 
tissue. M a ny experime ntal data generated fI'om the use of such 
cell populations cannot be extrapolated to apply to cells t hat 
characte rize t he animal species from which they were originally 
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derived. Consequently, the use of " immortal" cell lines for ma ny 
purposes is questiona ble since such cells undoubtedly represent 
la boratory aitifacts whose behavior may be unrelated to cells 
in vivo. 
T his fund amental fl aw in t he interpretation of normal cell 
behavior in vitro can, in fact, be circumvented s ince cell popu-
lations entirely typical of normal cells found in vivo can be 
cultured and, in respect to gerontological inquiry, the findings 
are profoundly different from those for abnormal cell lines. . 
Several years ago, M oorhead a nd I found that cul tured 
n ormal human embryonic fibroblasts underwent a fini te num-
b er of serial subcult ivations or population doublings a nd t hen 
d ied [1]. We demonstrated t hat when such cells were grown 
under the most favora ble conditions, death was inevitable after 
a bout 50 population doublings (t he P hase III phenomenon). 
W e also showed that t he death of cul tured norma l cells was not 
due to some trivial cause involving medium components or 
cul tural condit ions; rather, t he death of cultured normal cells 
was a n inherent property of the cells themselves [1, 2]. That 
fmding has now been confir m ed in hundreds of la boratories, in 
which varia tions in medium components and cult ural condi-
tions h ave been as numerous as the laboratories in which the 
studies have been done. 
Because normal dip loid cell stra ins have a limited doubling 
poten tial in vitro, studies on a ny single stra in would be severely 
curtailed if it were not possible to preserve these cells at subzero 
temperatures for appar ently indefinite periods. The reconsti-
t u t ion of froze n huma n fetal diploid cell strains has revealed 
t hat regardless of the doubling level reached by t he population 
at t he t ime it is preserved, the total number of doublings t hat 
can be expected is about 50 when t he doublings made before 
a nd after preservation are combined [1,2]. Storage of huma n 
diploid cell stra ins m erely arrests t he cells at a par t icular 
population doubling level (PD L) but does not influence t he 
total number of expected doublings. 
In the last 16 yr we reconstituted a total of 130 ampules of 
our human diploid cell strain WI-38, which was placed in liquid-
n it rogen storage at the 8th doubling level. Since 1962 one 
a mpule has been reconstituted a pproximately each month , a nd 
all have y ielded cell populations tha t have undergone 50 ± 10 
c umulative population doublings. T his t ime span represents t he 
longest period t hat via ble normal huma n cells have been ar -
rested at subzero temperatures. 
B ecause normal huma n embryo fibroblasts undergo only a 
fixed number of reproductive cycles in vitro, we postulated that 
this observation might be a manifestation of aging at the cellulal' 
level. S ubsequent experimental data have tended to support 
t h is idea. 
In order to distinguish t his al'ea of gerontological research, 
w hich concerns itself wit h studies on cul tured cells, from in 
vivo studies conducted at levels of greater complexity (i .e., at 
t h e supracellular level), I have suggested use of t he .term "cy-
togerontology" [3, 4]. 
DONOR AGE VERSUS CELL-DOUBLING POTENTIAL 
S ince cultured\ normal huma n cells derived from embryonic 
t issue have a fini te proliferative capacity of a bout 50 population 
d oublings and if t his r epresents cellular aging, it would be 
impor tant to determine the proli fera tive capacity of normal 
cells derived fro m huma n adults of varying ages. M y first repor t 
of such studies, did indeed show a diminished proliferative 
capacity for cultured norma l huma n adul t fi broblasts, in which 
14 to 29 doublings occurred in cells derived fro m 8 adul t donors 
[2]. This figure was compal'able to t he ra nge of 35 to 63 
doublings found in cells cul t ured fro m 13 huma n embryos. 
Since these studies, 3 other repor ts not only have confirm ed 
the principle observed but have significantly extended it [5- 7]. 
T hus, it is now generally believed t hat there is an inverse 
relationship between the age of a human donor and the in vitro 
proliferative capacity of at least 2 cell types: fibroblasts derived 
from skin and lung and cells del'ived from liver. 
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DO CELLS IN VIVO DIVIDE MORE OFTEN THAN 
CELLS IN VITRO? 
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If normal human embryo nic fibroblasts grown in vitro have 
a finite lifetime of 50 ± 10 doublings, how does one account for 
t he lifelong multiplication of bone marrow cells and intestinal 
and skin epithelium in vivo? Presumably, these cell populations 
undergo far more than 50 population doublings during a n 
individual's lifetime, There are several a nswers to this question, 
all of which are based on the number of cells produced by a 
primary cell population that undergoes the maximum 50 dou-
blings. T he a nswer , as we reported some years ago, is 20 million 
metric tons of cells [1] , certainly a quantity sufficient to accou nt 
fo r all cells generated dur ing t he lifetime of a n individual. In a 
more elegant consideration of this problem, Kay [8] offered the 
fo llowing expla nation: cells can divide in several ways, the 2 
extremes of which are tangen tial division (in which a stem cell 
mul t iplies to produce a nother stem cell a nd one differentiated 
cell) an d logarithm ic division (in which, if all mitoses are 
synchronous, a single cell yields a doubled number of cells at 
each division, a hypothesis similar to our model for th e ult imate 
yield of 20 million tons of WI-38 cells if al l cells remain after 50 
population doublings). K ay has pointed out that a maintained 
cell outpu t in such rapidly dividing t issue as bone marrow can 
be maintained by an asynchronous division of cells wit hin the 
logari thmic model. T he essential factor is a variation in t he rate 
of primit ive stem -cell division so . as to produce a continuous 
release of mature differentiated cells. The advantage of this 
system, called "clonal succession," over t he tangent ial model is 
t hat one needs fewer cell generations to obtain a given popula -
tio n of mature cells, t hus allowing a m uch closer adherence to 
t he original genetic message [8]. 
Only 54 population doublings would be req uired to produce 
fro m a single cell the total output of human erythrocytes a nd 
leukocytes during 60 yr of life by the logari thmic pattern . T his 
figure is surprisingly close to the 50 ± 10 doubling limit t hat we 
found for normal huma n fibroblasts grown in vitro. T he tan-
gential system would require about 12,000 doublings. T hus, the 
asynchronous logarit hmic division model can account for all 
cells produced during a n individual's lifetime since it contains 
several generations of dorma nt a ncestral cells, lingering, say, at 
about the 25th population doubling, that can be successively 
promoted to form clones of maturing stem cells. 
If all animal cell types were continually renewed, without loss 
of function or loss of t he capacity for self- renewal, one would 
expect that the organs composed of such cells would function 
normally indefinitely and t hat th eir host would live forever. 
Unhappily, however , renewal cell populations do not occur in 
most t issues, and when t hey do, a proliferative fin itude is often 
manifest. T he impor tant question, t.hen, is whether it is possible 
to circumvent experin1entally t he aging and death of normal 
animal cells th at result fro m the aging and death of th e "host" 
by tran sferring marked cells to younger animals seriatim. If 
such experiments could be conducted, one would have an in 
vivo counterpar t of in vitro experiments, and it would be 
predicted t hat normal cells transplanted serially to proper 
inbred hosts would, like t heir in vitro counterparts, age a nd die. 
S uch experiments would largely rule out objections to in vitro 
findings based on t he ar t ificial ity of cell replication in vitro, 
T he question could be answered by serial orthotopic tra nspla n-
tation of normal somatic t issue to new, young, inbred hosts 
each t ime the recipien t approached old age. Under these con-
di t ions, would transplanted normal cells of age-chimeras pmlif-
erate indefinitely? 
T HE FINITE LIFETIME OF NOR M AL CELLS IN VIVO 
Data fr om 7 laboratories in which mam mary tissues, skin, 
hematopoietic cells, a nd leukocyte were employed ind icate (a) 
that normal cells, serially t ransplan ted to isogenic hosts, do not 
sUTvive indefini tely [9], (b ) t hat in heterochronic tr ansplants, 
survival t ime is related to the age of the grafted t issue, and (c) 
t he trauma of t ranspla ntation does not appear to influence the 
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results . Under similar condit ions of tissue transpla ntation, can-
cer-cell populations, like immortal cell lines, can be serially 
passed indefinitely. The implication of t his observation may be 
that acquisition of the potential for unlimited cell division or 
escape from senescent changes by ma mmalian ceUs in vitro or 
in vivo can only be achieved by cells that have acqu ired some 
or all of the properties of cancer cells. ParadoxicaUy, this 
hypothesis leads to the conclusion that for mammalian somatic 
cells 'to become biologicaUy "immortal," they must first be 
induced to an abnormal or neoplastic state either in vivo or in 
vitro, whereupon th ey can then be subcultivated or trans-
planted indefinitely. 
The study of single antibody-forming cell clones in vivo has 
shown that t hese cells are also capable of only a finite abili ty to 
replicate after serial transfer in vivo [10, 11]. Harrison [12, 13], 
however, reported that when marrow-cell transplants from 
you ng and old normal donors were made to a gen tically anemic 
recipient mouse strain, t he old as well as young transplants 
populated the recipients and cured the anemia . He further 
reported that such transplants to anemic mice could be made 
to functio n normaUy over a period of 73 mo [13]. After 5 
successive transplantations, most died, a nother demonstration 
of t he finitude of normal cell proliferation in vivo [14]. The fact 
t hat this normal hematopoietic cell population produced red 
blood cells far beyond t he normal life span of the mouse is in 
keeping with speculations t hat aging is not necessarily t imed at 
the sam e rate in a ll tissues. Furthmore, aging may not be due 
to loss of cell-division capacity but it is probably due to other 
functional decremen ts now known to occur prior to t he loss of 
the ability to replicate. Loss of t he capacity to divide is presum-
ably an extreme limit, capable of demonstration only in vitro 
and by serial transplantation in vivo. 
ORGAN CLOCKS 
Is it possible that a limit on cell proliferation or function in 
some strategic organ orchestrates the entire phenomenon of 
senescence? Burnet [15-17] speculated that, if this is so, t he 
most likely organ is the thymus and its dependent t issues. 
B urnet reasoned that aging is largely the resul t of somatic 
mutations that are mediated by autoimmune processes and 
that are influenced by the progressive weakening of immullo-
Vol. 73, No.1 
logic surveilla nce. He further argued that the weakening of 
immunologic surveilla nce may be related to a weakness in the 
thymus-dependent immune system. He concluded th at the 
thymus a nd its dependent tissues are subject to a proliferative 
limit similar to the Phase III phenomenon or senescence in 
vitro described by us for huma n cells. Whether the role played 
by the thymus a nd its dependent tissues as the pacemaker in 
senescence is important or not r emains to be established . 
LATENT PERIOD OF EXPLANTED CELLS VERSUS 
DONOR AGE 
Since 1925 it has been known that th e time elapsing between 
introduction of embryo tissue in cult ure a nd cell migration from 
the explant increases with embryo age [18, 19]. More recently, 
investigators have shown again that t he time necessary for the 
1st cells to emigrate from rat tisRue expla nts b'Town in vitro (the 
latent period) is directly correlated with the age of the dona' 
[20-23]. S imilar observations have been reported for chickell 
cells [24, :!5], a nd a linear increase in the latent period has been 
found to occur in expla nts cultured [Tom human donors ranging 
in age f.·om newborn to 80 yr [26, 27]. 
Fl ' N CTIONAL AND BIOCHEMICAL DECREMENTS 
THAT OCCUR IN CULTURED NORMAL HUMAN 
CELLS 
The notion that animals age because at least one important 
cell population loses its proliferative capacity is unlikely. It is 
more probable that, as we have shown, normal cells have a 
finite capacity for r eplication, and that this finite limit is rarely, 
if ever, reached by cells in vivo but is demonstrable in vitro. I 
have suggested therefore, t hat other losses in cellular fun ction 
produce physiological decrements in a nimals long before their 
normal cells have reached t heir maximum proliferative capac-
ity. Indeed, it is now becoming recognized that many fu nctional 
changes that ar e expressed well before the cells have lost their 
capacity to repli cate take place in cul tured normal human cells 
(Table) . It is more likely that these changes, which herald the 
approaching loss of the capacity to divide, have the central role 
in the expression of aging and result in the death of the 
individual a nimal well before its celJs faiJ to divide. 
To be sure, the several classes of cells that are incapable of 
Metabolic and cell charactristics that increaNe, decreaNe, or do not change as normal hum.an fibroblasts age in vitro" 
Characle ris ti cs 
that increase 
Glycogen content 
Lipid content 
Lipid synthesis 
Protein content 
RNA content 
RNA tumover 
Lysosomes and lysosomal enzymes 
Heat labili ty of G6PDH and 6PGDH 
Proportion of RNA and histone in chromatin 
Activity of "chromatin-associated enl.ymcs" 
(RNAse, DNAse, protease, nucl eoside tri-
phosphatase, and DPN pyrophosphorylase) 
5' -N uclease activity 
Esterase activi Ly 
Acid phosphatase band 3-glucuronidase activ-
ity 
Membrane-associated ATPase act ivity 
Cell size and volume 
Number and size of Iysosomes 
Number of residual bodies 
Cytoplasmic microfibrils, constricted and 
"empty" 
Endoplasmic reticulum 
Cyclic AMP level/mg of protein 
C hurHcLeristics 
that decrease 
Glycolytic enzymes 
Pentose phosphate shunt 
Mucopolysaccharide synthesis 
r-l'ransaln inases 
CoHagen synthesis 
DNA content 
Nucleic acid synthesis 
Collagen synthesis and collagenolytic activi ty 
LDH isoenzyme pattern 
Ribosomal RNA content 
Incorporation of "H-thymidine 
RNA-synthesizing activity of chromatin 
Alkali ne phosphatase 
Specific activity of LDH 
Rate of histone acetylation 
Number of cells in proliferating pool 
Populat ion doubling potential as function of 
donor age 
P roportion of mitochondria with completely 
transverse cristae 
HLA specificities (cloned cells) 
Adherence to polymeri:dng fibrin and in!lu-
ence on fibrin retraction 
Cycl ic AMP levels (molar values) 
" References to each characteristic can be found in reference 9. 
Glycolysis 
Characteristics 
that do not change 
Permeabili ty to glucose 
Respiration 
Respi ratory enzymes 
Permeabili ty to am ino acids 
Glutamic dehydrogenase 
Nucleohistone content 
Alkaline phosphatase 
Soluble RNAse, solu ble DNAse, soluble seryl 
transfer-RNA synthetas<:, soluble and 
chromatin-associated DNA polymerase 
Mean temperature of dena t.uration of DNA 
and chromatin 
Number of mitochondria 
HLA specificities (mass cultures) 
Virus susceptibility 
Poliovirus and herpes virus titer, mutation 
rate, and protein chemi~;try 
Cell viability at subzero t.l!mperatures 
Diploidy (only in Phase 111) 
Histone/DNA ratio 
Abbreviations: DPN = diphosphopyridine nucleotide; G6PDH = glucose-6-phosphate dehydrogenase; LDH = lactic d,;hydrogenase; 6PGDH 
= 6-phosphogluconate dehydrogenase. 
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division in matme animals (e.g., neurons and muscle cells) may 
h ave a greater effect on the expression of age changes than the 
cell classes in which division commonly occurs. It is important 
t h erefore, to indicate that the cessation of mitotic activity is 
only 1 functional decrement whose genetic basis may be similar 
to that of fun ctional decrements known to occur in nondividing 
cells. It is supposed, therefore, that t he same kind of gene action 
resulting in physiological decrements in aging nondividing cells 
also occurs in aging cells that can divide. Thus, it is not my 
contention that age changes necessarily resul t from loss of cell-
division capacity; they may simply arise from loss of function in 
a ny class of cells. Tha t function might be measured as reduced 
replicative capacity, or as any of the myriad functional decre-
m ents chru'acteristic of aging cells. The genetic changes leading 
to these decrements is postulated to be t he common denomi-
nator; thus, t he loss of population doubling potential in vitro 
may have the same basis as the loss of other ceU functions 
chru'acteristic of nondividing cells. It follows, therefore, that an 
understanding of the mechanism by which cul tured normal 
cells lose t heir capacity to replicate might lead to insights into 
t h e causes of decrements in other functiona l proper ties t hat are 
characteristic of nondividing cells and that may be even more 
direct causes of biological aging. 
LOCATION OF THE "CLOCK" 
In a n effort to locate and understand the mechanism con-
trolling the finite replicative capacity of cul tured normal cells, 
Wrigh t and I recently completed a series of experiments rele-
vant to t his question. When cul tured cells are treated with 
cytochalasin B and then centrifuged it is possible to obtain 
millions of anucleate cells (cytoplasts) [28, 29]. Cytoplasts re-
m ain viable for several days, so there is sufficient t ime to fu se 
t hem with inac tivated Senda i virus to whole cells and thus 
produce heteroplasmons (as distinguished from heterokaryons, 
which result from fusions of whole cells only). With these 
techniques it is possible to determine whether the "clock" that 
dictates a cell 's replica tive capacity is located in the nucleus or 
in t he cytoplasm. We approached this question through fu sion 
of cytoplasts derived [Tom young cells to whole old cells and 
v ice versa. By determining the remaining number of population 
d oublings t raversed by these heteroplasmons, it was possible to 
de termine the influence of young a nd old human cytoplasm on 
opposite aged whole human cells. We interpreted data derived 
from these s tudies to mean that t he "clock" is located in the 
nucleus [28, 29]. With the more recent development of tech-
niques by which via ble eukaryotic nuclei can be isola ted and 
t hemselves reinserted into cytoplasts, an even more direct 
a nswer to this question has become possible since nuclei from 
o ld cells can be inserted into young cytoplasm and vice versa. 
Muggleton-Hru'l'is and I recently reconstructed viable normal 
human cells from isolated nuclei and cytoplasts [30]. Nuclei 
f rom young and old WI-38 cells were inserted into oppositely 
aged cytoplasts y ielding viable whole cells wi th the capacity to 
replicate. R esul ts [Tom these studies suggest that the location 
of the "clock" that determines proliferative capacity may be in 
t he nucleus, but further confirma tory experiments are neces-
sary. 
EVENTS OCCURRING IN LATE PHASE III 
A period of dec reasing cell proliferation (Phase III) after a 
period of rapid cell prolifera tion (P hase II) is chru'acteristic of 
cultured normal human diploid cell strains [1, 2). This fini te 
l ifetime also occurs in other normal cultures of cells such as 
t hose [Tom chickens, mice, tortoises, and mink [9]. A variety of 
changes occur as cultm ed normal human cells go from Phase II 
t o P hase III (Ta ble), bu t the moleculru' mechanisms underlying 
t hese changes are incompletely understood. 
Ma tsumura, Ze/'l'udo, a nd I investigated t he properties of 
normal human cell cul tures after loss of replicative capacity 
(Phase III) or la te Phase III in an effort to provide information 
THE CELL BIOLOGY OF AGI N G 11 
on the cause of t hese decrements.* WI-38, a normal human 
embryonic diploid cell strain, can be ma intained in Phase III 
for months [2]. The survival, ability to incorporate tritiated 
thymidine, and morphology of WI-38 cells in late P hase III had 
not been systematically described, and the purpose of om study 
was to examine these varia bles. Some cul tures were kept for 
more than 1 yr , dming which we did not find any sign of 
spontaneous transformation. 
Various morphological changes were noticed in late P hase III 
cul tm es held for several months. These consisted of enlru'ge-
ment of the cytoplasmic region, alteration in cell shape fro m 
spindlelike to flat and polygonal, vacuolation of the cytoplasmic 
region, accumula tion of debris in t he culture, and alteration in 
nuclear morphology. Some of these characteristics were not 
always found in all cultures. Although vacuolation of the cyto-
plasm was significant in some cells that had been kept without 
t ransfer for months, other cells of t he sam e cul ture series did 
not show this chru·acteristic. Vacuolation of t he cytoplasm and 
the accumulation of debris in a cul tw'e often disappear ed after 
t ransfer of t he culture in which trypsin was used. 
One characteristic, the altera tion of nuclear morphology, 
however , was reproducible. It was common to find that more 
t han 10% of the cells contained a lobed nucleus, more t han 1 
nucleru' region, or both; these are uncommon in P hase II cul-
tm es. Among the ilTegulru'it ies in nucleru' morphology, the most 
common was t he appearance of 2 nuclear regions. (All cells 
containing 2 or more nucleru' regions are referred to as multi-
nucleate cells .) Because t he DNA content of each cell was not 
determined, t he possibili ty of simple fission of nuclei without 
accompanying DNA synthesis cannot be excluded. In all 4 
experiments, the proportion of mult inucleate cells increased 
progressively. Although there were fluctuations in the propor-
tion, 40 to 50% 'of the cells were mult inucleate by week 15 of 
incuba tion. 
Late P hase III WI-38 cultures were examined for incorpora-
tion of :lH- thymidine where it was found that the number of 
grains far exceeded the number expected h om repa ir synthesis. 
We regru'ded those labeled cells as being in, having been in, or 
having passed t hl'ough S phase during exposure to :lH -thymi-
dine. Both mononucleate cells and multinucleate cells were 
labeled. Cells wi th a part of t heir nuclear regions labeled and 
the other par t not labeled were rarely seen. 
It was found that a bout 70% of cells in a senescent cult ure 
remained unla beled dming a 9-day exposure to "H-thymidine. 
When labeled cells were clustered on the substrate surface, we 
assumed that a few cells with proliferative potential were pres-
ent. However , we did not find any noticeable clustering of 
labeled cells bu t we did find them scattered all over th e sub-
strate smface among nonlabeled cells. 
The incorporation of "H- thymidine cont inued in some cells 
unt il the end of t he observation period. About 60 to 90% of the 
cells did not incorporate :lH -thymidine during the 6-day expo-
sure. Within the j'ange of a lal'ge fluctuation, no apparen t 
correlation was observed between the percentage of nonla beled 
cells corrected for cell proliferation and the t ime spent in late 
Phase III. 
Late Phase III may be cha racterized as a t ime in which there 
is a slow increase or decrease in cell numbers that cont inues for 
more than 6 mo. Individual cells in a population may proliferate 
slowly, survive wi thout any cell division, or die. A considera ble 
percentage of cells cont inue to synthesize DNA. 
It appears that many late P hase III cells and Phase II cells 
not only differ quant itatively in their rate of proliferation, rate 
of DNA synthesis, and cell size, bu t also differ in such quali ta-
tive proper ties as nuclear morphology. 
The presence in early Phase III cult lll'es of ceUs suspected of 
being s imilar to t hose senescent cells described by us here has 
• Matsumura T , Zerrudo Z, Hay fli ck L: Senescent huma n fibroblasts 
in cul ture, J Gerontol, 1979, in press. 
12 HAYFLICK 
been reported. In early Phase III, aneuploidy increases, as do 
binucleate celis [31], cells with a DNA content 2 to 4 times that 
of diploid cells occur, cells t hat cannot or that slowly synthesize 
DNA occur (these increase in number toward the end of early 
P hase III [32]t), and non-or slowly-dividing' cells increase in 
number [33-35]. Evidence so far obtained seems to support the 
hypothesis that subpopulations, similar to the major population 
of cells in a late P hase III culture, may be present in a prolif-
erating Phase II population. 
From these considerations, it seems that late P hase III pop-
uLations consist of a variety of cells, each of which has its own 
history, and that a mass culture of such cells reflects the average 
history of the population. 
The biological significance of cells in a late Phase III culture 
may be interpreted in several ways that are not mutually 
exclusive. The cells may be at a particular stage of differentia-
tion [36,37), they may have accumuJated errors in regulatory 
mechanisms leading to ul timate ceU death [38], or they may 
have reached the end of a programmed series of genetic events 
[2,9,39]. Our results do not exclude any of these possibilities. 
A period of "crisis" that appears after infection of human 
diploid ceLis with simian Vll'US 40 (SV40) precedes the period of 
infinite proliferation of transformed cells [40). There appears to 
be a morphological similarity between cells in a late Phase III 
cul ture and transformed celis in "crisis" [40]. We aJso observed 
structural abnormalities such as the presence of lobed nuclei 
and multinucleation characteristic of crisis when late Phase III 
ceLis were maintained for several months without introducing 
SV40. It is possible that additional events neceSSal'y to bring 
late Phase III cells into conditions of immortality are supplied 
by part of t he SV40 genome. 
DNA SYNTHESIS IN WI-38 CELLS DURING IN VITRO 
AGING 
Variations in the rate of prollferation and metabolic activity 
may occur in at least 2 incompatible ways. First, a population 
at a given moment in its history may consist of cells, or 
subpopulations of cells, each of which is at a different stage in 
its life history. On the basis of this interpretation, Holliday, 
Huschtscha, Tarrant, and Klrkwood [41] developed a model of 
limited pI'Ollferation potential. Second, variation in some prop-
erties of individua l cells, such as the capacity to enter S phase 
[42], may not be directly related to thelr limited proliferation 
potential. 
There is some evidence to support the first hypothesis where 
it has been reported that cells plated at a low density contain 
nondividing cells, and the proportion of these cells increases 
with the popuJation doubling level (PDL) of a culture [33-
35,37]. In autoradiography studies, it was observed that the 
percentage of labeled cells (labelmg index) reached a plateau 
after a 24- to 30-hr exposure to "H-thymidine and that the 
labeling index decreased as a function of the PDL [32]. It has 
also been observed that individual cells cloned from a cell 
popuJation vary in their doubling potential [34,35). However, 
t he theoretical basis for the first hypothesis does not seem to 
be well established. Some investigators have reported that by 
reducing the cell density and by extending the time of exposure 
to ~H-thymidine, they have obtained a labeling index close to 
100% even with cultures at a very high PDL (32). This result 
suggests that an increased sensitivity to cell density is the 
primary consideration, instead of an increase in the proportion 
of ceLis incapable of DNA synthesis. It has also been reported 
that when mitotic cells are collected from random cultures, t he 
fraction of the mitotic cells that enters S phase thereafter 
remains constant regardJess of the PDL. 
In an effort to resolve the difference in these results, we 
t Matsumura T, P fendt EA, Hayflick L: DNA synthesis in human 
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assessed the PDL and certa in other factors, mentioned below, 
that influence cell proliferation. * Cell density, depletion of some 
medium components during incubation, and concentration of 
thymidine (by autoradiography) may, aJong wi th other vari-
ables, influence the ceU cycle through some cell regulatory 
mechanism. The dilution of nonincorporating ceLis by pl'ollfer-
ating cells and the effect of ;IH-thymidine [31) on 'cell pl'ollfer-
ation are factors that must be considered in an autoradiography 
study. Cells inocuJated at a low density may behave in a 
different way from those in mass cultures because of theil' more 
limited capacity to adjust to culture condi tions. 
We measured the ability of a WI-38 population to synthesize 
DNA by means of autoradiography and studied the effects on 
the labeling index of thymidine concentration, concentration of 
"H-thymidine, and cell proliferation.t We also determined the 
percentage of celJs in a population that did not incorporate "H-
thymidine during the period of exposure. 
Transportation through the cell membrane and uptake into 
the cytoplasm of thymidine depend on the thymidine concen-
tration and thus may affect the labeling index. However, it 
seems improbable from the results presented by Cristofalo and 
Sharf [32] and our resultst that the concentmtion of thymidine 
(around 2.5 - 5 X 10- 8 M) is the major factor affecting the 
labeling index as a function of the PDL. It appears reasonable 
to regard the labeling index as a parameter that directly reflects 
the percentage of cells that are, or have been, in S phase dUl'ing 
continuous exposure to "H-thymidine. 
As to the technique of a utoradiography, our results-I' dem-
onstrate that the labeling index is a stable parameter withm a 
range of severaJ modifications of fixation methods, time of 
exposure in the dark, and concentration of JH-thymidine. An-
other factor possibly affecting the labeling index is the selective 
death of nonlabeled cells. If nonlabeled cells are those commit-
ted to die at the very end of their life history, then the labeling 
index must also depend on the survivaJ t ime of nonlabeled cells. 
Evidence so far obtained suggests that this is not the case, at 
least under some culture conditions.* "H-Thymidine might also 
cause the death of nonlabeled cells. However, because we 
regru'ded this effect as next in importance to the effect of "H-
thymidine on the labeled celis, we did not investigate it. 
It seems probable from our resul ts that the following 6 factors 
influence the labeling index through thelr effects on those cells 
capable of entering S phase during continuous exposure to :JH_ 
thymidine: (a) cell proliferation rate, (b) length of incubation 
time with tritiated thymidine, (c) tritium concentration, (d) cell 
density, (e) medium renewal, and (f) possible death of labeled 
cells during incubation. 
The variable percent of nonlabeled cells, corrected for cell 
proliferation, gives an estima tion of the proportion of cells in a 
population of inoculated cells that does not enter S phase 
dming 3H-thymidine exposUl'e.t When cells are exposed to :'H_ 
thymidine, no matter how a factor (a through f) influences the 
labeled celis, that variable remains constant so long as it does 
not influence the nonlabeled cells. The percentage of nonlabeled 
cells, corrected for cell proliferation for middJe PDL celis, 
decreases rapidly dur ing the 1st day of incubation, and from 
then on, extremely slowly.t These findings support the idea 
that a population at any moment in its history may co nsist of 
ceUs, or subpopuJations of cells, each of which is at a different 
stage in its life history. One of the simplest conclusions to be 
reached from the preceding considerations is that WI-38 cells 
at middle PDLs consist of at Least 2 subpopulations, 1 with a 
high rate of entrance into S phase, and the other with a very 
slow rate of entrance. Whether or not each of the 2 subpopu-
lations consists of smaller subpopulations is not known, but it 
is highly probable [35]. 
This finding may resolve the apparent difference in previous 
reports. Some studies suggest the presence of subpopulations 
in a proliferating population with respect to the capacity of cell 
to synthesize DNA which other studies do not [32,42). A high 
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labeling index obtained from late-passage cells after a long 
exposure to ·JH-thymidine (0.01 Ci/ml) [42] probably is due 
both to the slow rate of cell entrance into S phase in 1 subpop-
ulation and to dilution by the 2nd subpopulation. Contrariwise, 
the appearance of a plateau in t he labeling index [32], observed 
for late-passage cells, may be due to t he 0.1 Ci pel' milliliter of 
'lH-thymidine that inhibits t he proliferation of labeled cells. 
Considering the possibility that the nondividing cells ob-
served might, in part, have t he capacity to synthesize DNA, 
th ese findings are in accordance with what was observed in 
sparse cultures by Merz and Ross [34] and by Smith and me 
[35). 
COMPARISON BY AUTORADIOGRAPHY OF 
MACROMOLECULAR BIOSYN.THESIS IN PHASE II 
AND PHASE III WI-38 CELLS 
The incorporation of radioactive thymidine and DNA biosyn-
th esis decline dramatically in aging WI-38 fibroblasts [31,32], 
and the a utoradiographic observations of Macieira-Coelho, 
Ponten, and P hilipson [31] suggest decreased RNA synthesis in 
aging fibroblasts. Protein synthesis is also affected in aging 
fibroblasts. Protein synthesis is also affected in aging cultured 
cells. The rate of incorporation by the cells of radioactive amino 
acids into proteins declines, and conformational changes occur 
in proteins synthesized in aging cul tures [43]. Little is known 
about the effect of aging on lipid syn thesis by human fibroblasts. 
The total lipid content of WI-38 cells increases with age, and 
some qualitative differences in lipid species have been detected 
through compal'ison of "young" and "old" cultures [44). 
We compared the biosynthetic abili t ies of WI-38 fibroblasts 
in "young" and "old" cu ltures by autoradiography of cells grown 
with la beled precw'sors of DNA, RNA, protein, and lipids 
[45). The data indicated that lipid synthesis is much less af-
fected by aging of cultures than DNA, RNA, and protein 
synthesis. 
Although the number of grains pel' area of cells grown with 
t he same labeled precursor differed from experiment to exper-
iment, comparison of t he "young" and "old" cul tul'es in each of 
3 experiments consistently showed a much lower incorpo ration 
of radioactivity fi'om protein hydl'olysate, uridine, and thymi-
dine by cells in old cultures. On the other hand, the incorpora-
tion of radioactivity from acetate and oleic acid by cells in old 
cul t ures was only 10 to 20% lower th an that seen in cells of 
young cultures. A rough estimate of the number of grains did 
not reveal apparent differences between old and young cul tures 
with respect to the incorporat ion of labeled cholesterol. 
Comparison of the results of t he 3 experiments indicated a 
gradual decrease in the ability of the cells to synthesize proteins 
and nucleic acids with progressive age. However, lipid synthesis 
(as reflected by the incorporation of radioactivity from acetate 
and oleic acid) and the incorporation of exogenous cholesterol 
apparently are not affected by aging to the same degree as 
protein and nucleic acid synthesis [45). One would expect aging 
WI-38 cells to be richer in lipids because the decrease in t he 
rate of lipid synthesis is slower t han the decrease in the rate of 
protein synthesis. In fact, the lipid content of WI-38 cells from 
old cultures is higher than that of cells o'om young cul tures 
[44). 
THEORIES OF AGING 
Most gerontologists agree that t here is probably no single 
cause of aging. A more unifying theory probably consists of 
concepts based on genetic instabili ty as a cause of aging [4,39]. 
It seems that the genetic contribution to the aging process is 
foremost in the determination of the life spans cha racteristic of 
various species. The genetic basis for aging is partly predicated 
on the observation that the range of maximum life spans of 
different species is much greater t han the range of individual 
life spans within a species. One fundamental problem in relating 
genetic processes to aging is t he separation of t he genetic basis 
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of differentiation o'om a possible genetic basis for aging, or t he 
concept of " fil'st we ripen, then we rot." 
Genetic instability as a cause of age changes might include 
the progressive accumulation of faulty copying in dividing or 
otherwise functio ning cells, or the accumulation of errors in 
information-containing molecules. The progressive accumula-
tion of errors in the function of either fixed postmitotic cells or 
actively dividing cells could act as a clock. T his process would 
initiate secondary types of mischief, which would ultimately be 
revealed as biological aging. Thus, aging may be a special case 
of morphogenesis; perhaps cells are programmed simply to run 
out of program. 
Probably no other area of biological inquiry is susceptible to 
so many theories as is the science of biogerontology, not only 
because fundamental data are lacking, but also because mani-
festations of biological changes with t ime affect almost all 
biological systems from the moleculal' level up to t hat of the 
whole organism. It is therefore easy to construct a theory of 
aging based on a biological decrement that may be observed to 
occur in time in any system at the level of the cell, tissue, organ, 
or whole animal . The impor tant question will always be: Is t he 
change observed a direct cause of' aging, or is it the result of 
changes that may be occurring at a more fundamental level? 
If modern concepts of biological development are rooted in 
signals originating o'om information-containing molecules, it 
seems reasonable to attribute postdevelopmental changes to a 
similru' system of signals occurring at the molecular level. This 
idea assumes t hat the switching on and off of genes during 
developmental processes also determines age changes. T hat is, 
age changes, like developmental changes, are "programmed" 
into t he original pool of genetic information and are "played 
out" in an orderly sequence. T he graying of hair is not generally 
thought of' as a disease associated with t he passage of time. It 
is regarded as a highly predictable event that occurs late in life 
after t he genetic expression, in orderly sequences, of a plethora 
of other programmed developmental events. This example 
might be analogous to t he attribution of aging to a similru' series 
of orderly programmed genetic events that shu t off or slow 
down essential physiological phenomena after postreproductive 
age has been reached. The programming may be t he result of 
specific gene determinants that, like the end of a tape recording, 
simply trigger a sequence of events to . turn the machine off. 
Alternatively, the universali ty of aging might be attributed 
to functional failures arising from the random accumulation of 
"noise" in some vulnerable parts of the system that ul timately 
interfere with optimum function and produce all t he well-known 
physiological decrements. If the "noise" is randomly accumu-
lated, why do members of each species appear to age at specific, 
highly predictable t imes? One may call the span of time during 
which "noise" accumulates and becomes manifest in some 
fu nctional decrement "the mean time to failure." The mean 
time to failure of th e average automobile may be 5 to 6 yr, and 
it may vary as a function of the competence of repair processes. 
Barring total replacement of all vital elements, deterioration is 
inevitable. Similarly, failw'e of cell function may occw' at pre-
dictable times that depend upon the fidelity of the synthesizing 
machinery and the degr ee of perfection of cellular repair sys-
tems. The fact t hat biological systems do not function perfectly 
0)' forever leads one to the conclusion that the ultimate death 
of a cell or loss of function is genetically programmed and has 
a mean time to failure. This mean t ime to fa ilure may apply to 
single cells, tissues, organs and, finally, the intact animal itself. 
It is proposed that t he genetic apparatus simply runs out of 
accurate programmed information that might result in different 
mean times to failure for all the dependent biologicaJ systems. 
The existence of different life spans in different species may be 
the retlection of better repair systems in animals of greater 
longevity. 
FinaUy, one must consider the 2 cell lineages t hat seem to 
have escaped ti'om the inevitability of aging or death. T hese 
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are germ cells (precursors of egg and sperm cells) and continu-
ously reproducing cancer-cell populations. It may be possible 
to explain the immortality of cancer-cell populations with the 
suggestion that genetic information is exchanged between so-
matic cells or between viruses and somatic cells in the same 
way that the genetic cards are reshuffled when eggs and sperm 
fuse. Thus, exchange of genetic information may serve somehow 
to reprogram or reset t he biological clock. By this mechanism, 
species survival is guaranteed, but individual members aTe 
programmed for eventual failure. 
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